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Abstract. We introduce a methodology to visualise rapid
vertical and zonal tropical transport pathways. Using pre-
scribed sea-surface temperatures in four monthly model inte-
grations for 2005, we characterise preferred transport routes
from the troposphere to the stratosphere in a high resolu-
tion climate model. Most efﬁcient transport is modelled over
the Maritime Continent (MC) in November and February,
i.e., boreal winter. In these months, the ascending branch of
the Walker Circulation over the MC is formed in conjunc-
tion with strong deep convection, allowing fast transport into
the stratosphere. In the model the upper tropospheric zonal
winds associated with the Walker Circulation are also great-
est in these months in agreement with ERA-Interim reanaly-
sis data. We conclude that the Walker circulation plays an
important role in the seasonality of fast tropical transport
from the lower and middle troposphere to the upper tropo-
sphere and so impacts at the same time the potential supply
of surface emissions to the tropical tropopause layer (TTL)
and subsequently to the stratosphere.
1 Introduction
Identifying transport pathways of very short-lived halocar-
bons to the upper troposphere/lower stratosphere (UTLS) re-
gion is important for assessing stratospheric ozone depletion
(Levine et al., 2007; Salawitch et al., 2005; Sturges et al.,
2000). Especially important in this context are brominated
organic compounds (e.g., bromoform), which can be readily
oxidised to form highly ozone-depleting inorganic bromine
compounds (Bry), see for example Hossaini et al. (2010).
These compounds are thought to play a role in determining
stratospheric ozone concentrations and inﬂuencing the dis-
tribution of UTLS ozone, thereby affecting radiative heating
and possibly regional-scale tropopause temperatures. Under-
standing regional changes in ozone, tropopause temperatures
and stratospheric water vapour is crucial for future climate
prediction, as shown for example in the context of the Asian
summer monsoon (Braesicke et al., 2011) or the Tropical
Tropopause Layer (TTL), see below.
Tropical convection can provide an efﬁcient transport
pathway from the boundary layer to the TTL (Fueglistaler et
al., 2009), a distinct layer below the tropopause. Differences
in the strength and vertical extent of tropical convection are
important for the efﬁciency of convective transport into the
UTLS (Aschmann et al., 2011). One important circulation
pattern in this context is the Walker circulation. The Walker
circulation is a tropical meridional circulation in which air at
the surface ﬂows from high pressure over the eastern Paciﬁc
(EP) to low pressure over the Maritime continent (MC). Air
rises over the MC (in conjunction with strong convection), up
to around an altitude of 13–14km (∼150hPa), and ﬂows to-
wardstheEPregionintheuppertropospherebeforedescend-
ing back down to the lower troposphere (Bjerknes, 1969).
European Centre for Medium-Range Weather Forecasting
(ECMWF) reanalysis data (ERA-Interim; Dee et al., 2011)
indicates that the Walker Circulation is strongest around
the boreal winter months (NDJF; not shown) compared to
the summer months (MJJA), and is also strongly linked to
changes in sea-surface temperatures over the equatorial Pa-
ciﬁc, e.g., El Ni˜ no-Southern Oscillation (ENSO; Kousky
et al., 1984; Jin and Kirtman, 2010). Biogenic sources of
Bry precursors (such as bromoform and dibromomethane)
vary regionally in the Tropics (Quack and Wallace, 2003)
and consequently the spatial distribution of deep convection
in conjunction with availability of precursor emissions will
Published by Copernicus Publications on behalf of the European Geosciences Union.9792 J. S. Hosking et al.: Tropical convective transport and the Walker circulation
determine the resulting Bry amounts above the rising branch
of the Walker circulation.
Here, we focus on a case study of convective transport us-
ing a global forecast model with idealised tracers to answer
the questions: What are the preferred tropical pathways for
surface to upper troposphere/lower stratosphere transport?
How do the pathways, and their tracer transport efﬁciencies,
differ over the seasons?
2 Experimental design
2.1 Model description
We use the UK Met Ofﬁce Uniﬁed Model version 6.1 in
a global forecast setup (Petch et al., 2007). The horizontal
resolution is ∼0.83×0.56 degrees (N216, corresponding to
a grid spacing of ∼60km). The vertical coordinate system
is hybrid sigma-height with 38 levels and a model top at
∼40km.TheverticalresolutionaroundtheheightoftheTTL
is ∼1km (i.e., between 10 and 17km). A comprehensive list
of important physical parameterisations used in the model is
given below.
The Boundary Layer parameterisation is non-local in un-
stable regimes (Lock et al., 2000). The convective parame-
terisation scheme is based on Gregory and Rowntree (1990)
and is called by the model twice per time-step where the
time-step adopted is 20min – the default for the UM fore-
cast setup. Both shallow and deep convection are included
in the scheme. Cloud base closure for shallow convection is
based on Grant (2001), and parameterised entrainment and
detrainment rates for shallow convection are obtained from
Grant and Brown (1999). For deep convection, the thermo-
dynamic closure is based on the reduction of the convectively
available potential energy, CAPE, to zero (CAPE closure ap-
proach) based on Fritschand Chappell (1980a, b). The CAPE
timescale, which determines the e-folding time for the dissi-
pation of CAPE, is set to the tried and tested default value
of 30min (i.e., the cloud based mass ﬂux is relaxed to an
equilibrium state over 1.5 time-steps where the convection
scheme is called 3 times). A detailed representation of cloud
microphysics is achieved using physically based parameter-
isation for transfers between the different categories of hy-
drometeors (Wilson and Ballard, 1999). Radiative transfer is
calculated using the Edwards-Slingo radiation scheme (Ed-
wards and Slingo, 1996).
2.2 Model runs and validation
Four model runs of 30 days each are performed using ini-
tial conditions from the UK Met Ofﬁce’s assimilated data
for February, May, August and November 2005, as discussed
in Hosking et al. (2010). They ﬁnd that modelled temporal
and spatial distribution of low OLR, which is one indica-
tor of tropical convection, correlates well with satellite ob-
servations. The vertical and spatial distribution of fast ver-
Fig. 1. The 8 tropical domains used for seasonal and regional tracer
transport analysis; Africa (Af), Indian Ocean (IO), Maritime Con-
tinent (MC), West Paciﬁc (WP), Central Paciﬁc (CP), East Paciﬁc
(EP), South America (SA) and Atlantic (At). All domains are of
equal size of between 20◦ N–20◦ S and 45◦ in longitude.
tical transport of these relatively short-lived surface emitted
tracers is also in good agreement with the convective mass
ﬂux diagnostics shown in Fig. 7 in Hosking et al. (2010).
In this study, deep convective elevators rapidly lift air from
4–5km up to 12–14km, and the inﬂux of tropospheric air
entering the TTL (11–12km) is similar for all tropical re-
gions, with only the deepest convection exceeding 14km.
The model also captures the seasonality of the zonal compo-
nents of the Walker Circulation within the TTL with higher
windspeedsaroundtheborealwintermonths(NDJF)asindi-
cated by analysis of 32yr of ERA-Interim data (not shown).
We therefore assume that the model captures aspects of con-
vective and zonal transport within the tropics for a neutral
ENSO year well. Russo et al (2011) assessed tropical con-
vection within a range of nine different models and found
that the model setup used here also captured the observed
vertical and regional distribution of convection well.
3 Key diagnostic
Here, we assess the transport of 8 idealised tracers emitted
at the surface in a latitude band of 20◦ N–20◦ S around the
equatorfromthe8tropicaldomainsillustratedinFig.1.Each
of the domains is 45◦ wide and is identiﬁed by a two letter
acronym: Africa (Af), Indian Ocean (IO), etc. Each tracer is
constantly emitted from the surface with a horizontally ho-
mogeneous ﬂux of 1.0×10−9 kgm−2 s−1 and has an inﬁ-
nite atmospheric lifetime thereafter. Vertical distributions of
the eight tracers are analysed using time mean mass mix-
ing ratios for identical periods from each of the 30-day long
model integrations. Results presented here do not rely on the
chosen period, for example analysing days 21 to 30 (used
in the following) provides a nearly indistinguishable result
to analysing days 19 to 28, and the sensitivity to the period
length (e.g., 5 versus 10 days) is also small.
Figure 2 shows an example of the mass mixing ratio of
a tracer (shaded) emitted in the MC region in a longitude-
height cross-section averaged over the tropical belt (20◦ N–
20◦ S) and averaged over the last 10 days of a monthly inte-
gration (started at 00:00UT, 1st November 2005). The model
converts the prescribed emissions into concentrations and the
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Fig.2.Longitude-heightdistributionofasurfaceemittedtracerwith
an inﬁnite lifetime from the Maritime Continent domain (MC). The
tracer distribution is averaged between latitudes 20◦ N–20◦ S over
the last 10 days in the November integration. (1) mass mixing ra-
tios (shading) and (2) percentages (black contours) relative to the
mean mass mixing ratio of all 8 tracers over all 8 regions at 0.5km
(long-dashed black line). TTL surfaces are here deﬁned by the LRM
(green lines), Qclear =0 level (red lines) and CPT (blue lines). The
TTL surfaces represented by the solid lines highlight the receptor
regions which correspond to vertical transport for this tracer. Wind
vectors are arbitrarily scaled for the best visual representation of
ﬂow.
winds advect the concentrations horizontally and vertically.
Theemphasiswillbeontheverticaltransportwithsomecon-
sideration regarding the horizontal transport within the TTL.
We have chosen three model surfaces to monitor vertical
transport, as expressed by increases in tracer concentrations
during the integration period. The ﬁrst surface is the lapse
rate minimum (LRM) which varies regionally between 10
and 12km. The next surface is the level of clear-sky net-zero
radiative heating (Qclear=0) at around 14km and the top sur-
face is at the model’s (tropical) cold point tropopause (CPT),
see also Hosking et al. (2010) for more details. In the ex-
ample shown in Fig. 2, high relative tracer concentrations
are found in the lower TTL, and coherently high mixing ra-
tios are modelled at all altitudes below 15km over the MC
region, indicating efﬁcient vertical transport. Consequently,
high concentrations (∼30% relative to the mean mass mix-
ing ratio of all 8 tracers over all 8 regions at 0.5km) are mod-
elled over the MC region at the LRM (solid green line) and
the Qclear =0 level (solid red line), with lower concentrations
(∼5%) at the CPT level (solid blue line). We introduce the
following notation: MCsurf →MCLRM, etc., to indicate a lo-
cal vertical transport pathway between the surface and the
LRM level in the Maritime Continent region.
Figure 2 also indicates horizontal eastward tracer advec-
tion within the TTL from the MC region to the WP, CP and
EP regions; such transport pathways are a combination of
Fig. 3. A “surface-TTL” matrix where the boxes represent tropical
transport of 8 surface emitted tracers (x-axis) to the same 8 regions
(y-axis) at the Qclear =0 level – here shown for the November in-
tegration. The relative mean mass mixing ratio (see Fig. 2) in each
box is represented by colour intensity in accordance to the range
shown by the colour-scale below the matrix. The dotted black line
illustrates the boxes where high concentrations would indicate ef-
ﬁcient vertical transport of the tracers from their surface regions to
the Qclear =0 level.
vertical and horizontal motion. A tracer emitted in one region
appears after a certain time at a higher altitude over another
region. Such vertical and horizontal transport pathways are
indicated as MCsurf →WPQclear=0, MCsurf →CPQclear=0
and MCsurf →EPQclear=0. This notation will be extensively
used to compare the dominance of different transport path-
ways in different months. It should be noted that the eastward
zonal winds in the TTL form part of the Walker circulation.
The descending branch of the Walker circulation is indicated
by enhanced MCsurf mass mixing ratios between 8 and 12km
at the CP/EP border. We will come back to the inﬂuence of
the Walker circulation in the discussion of the transport sum-
mary below.
In order to identify efﬁcient transport pathways we anal-
yse the mass mixing ratios of all tracers at a representa-
tive height in the TTL by constructing an 8x8 matrix, in-
dicating the emission regions on the x-axis and the recep-
tor regions (at a certain altitude corresponding to one of the
three vertical levels deﬁned above) on the y-axis. An ex-
ample is given in Fig. 3. Each square corresponds to one
of the possible transport pathways between the 8 regions
deﬁned in our experiment, here for the month of Novem-
ber and for the Qclear=0 level around 14km. Conceptually,
this methodology is a source-receptor relationship to identify
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Fig. 4. Matrices that represent tropical transport pathways of 8 regional surface emitted tracers (x-axis) to the same 8 regions (y-axis) for 3
levels in the TTL; LRM, Qclear =0 and the CPT – shown by the 3 rows. Results are shown for the mean over the last 10 days for the February,
May, August and November 2005 integrations. Darker colours represent high relative mass mixing ratios (see Fig. 2).
likely pathways from a source region at the surface (x-axis)
to receptor regions (y-axis) at a certain altitude. High tracer
mixing ratios (dark blue colours) indicate that the transport
pathway is relatively efﬁcient (e.g., MCsurf →MCQclear=0)
with lighter colours indicating less efﬁcient transport path-
ways (e.g., EPsurf →SAQclear=0). Again, concentrations are
given in percent relative to the near-surface mean, deﬁned as
the average tracer concentration of all 8 tracers over all 8 re-
gions at 0.5km. The boxes on the matrix diagonal indicate
vertical transport pathways, while boxes off the diagonal in-
dicate vertical and zonal transport pathways.
In the next section we use matrices constructed in this way
– for four different months in 2005 and for the three charac-
teristic levels in the TTL – to identify the model’s preferred
transport pathways from the surface to the TTL and their sea-
sonality.
4 Patterns of tracer transport through the TTL
Figure4comparesthematricesattheLRM,theQclear =0and
the CPT levels (rows, from bottom to top) for all four months
(columns). A broad overview of the seasonal and regional
variationsinmasstransportcannowbeeasilyseen.Theshort
(30 day) model integrations were designed to highlight fast
transport mechanisms (e.g., convective uplift in the bound-
ary layer and the free troposphere) into the TTL; transport
driven by the slower, seasonal transport regimes (e.g., radia-
tively driven ascent) is not captured by our analysis. Conse-
quently, the matrices highlight the modelled pathways which
are potentially important for the transport of short-lived sur-
face emitted species into the TTL and directly into the strato-
sphere. Starting from the base of the TTL, we will next use
the matrices in Fig. 4 to discuss the modelled tracer trans-
port, from the surface to the three TTL surfaces, and how
they evolve as a function of altitude and season.
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4.1 Matrices at the lapse rate minimum
In all four months analysed we ﬁnd a pronounced diagonal
at the LRM level, indicating a large local impact on the TTL
composition. This agrees with our general notion that the
horizontal west-east transport at this altitude is fairly weak
(see wind vectors in Fig. 2), which agrees well with a classic
Walker Circulation cell (Bjerknes, 1969) with eastward ﬂow
above the LRM level and westward ﬂow near the surface. For
most regions there is no marked seasonal cycle in the loca-
tion of inﬂux of surface emitted tracers into the TTL. In the
model, tropical transport from the surface up to the base of
the TTL is dominated by large-scale upwelling and detrain-
ment. The results suggest that much of the seasonal variation
of short-lived surface emitted species observed in the lower
TTL is potentially dominated by the magnitude of emission
ﬂuxesandtheirlongitudinalvariationratherthangreatercon-
vective activity. Note that Levine et al. (2007) diagnosed in
a chemistry-transport model that short-lived surface tracers
preferentially cross the lower TTL boundary (deﬁned at a
height of around 340K, ∼12 km in their work) over the Mar-
itime Continent where vertical velocities are higher, whereas
our results do not reveal such a preferential area at this al-
titude for a tracer of inﬁnite lifetime. However, as shown in
Russoetal.(2011),themodelusedinLevineetal.(2007)un-
derestimated the percentage of convective cloud tops reach-
ing above ∼12km and the height of mean convective out-
ﬂow, whereas the model used here compares well with ob-
servational evidence of high reaching convection (Russo et
al., 2011), lending credibility to the transport pattern inferred
in Fig. 4.
4.2 Matrices at the level of zero clear-sky net radiative
heating
The strong diagonal seen at the LRM weakens at the
Qclear =0 level as it is generally higher than the model’s
level of mean convective outﬂow (see Hoyle et al., 2011
and the discussions therein). The matrices now highlight
these limited regions of deep and frequent convective trans-
port reaching up to and above the Qclear =0 level. In Febru-
ary and November, the highest mixing ratios originate from
the MC, WP and CP regions, whereas in May and Au-
gust the highest mixing ratios are coming from the IO, MC
and WP regions. These tracers preferentially go through
the lower part of the TTL in the same broad regions as
their emissions (e.g., MCsurf →MCQclear=0). Vertical (on-
diagonal) transport from the surface up to the upper TTL
(above Qclear=0) dominates over zonal (off-diagonal) mix-
ing on time-scales considered here. In February and Novem-
ber the off-diagonal eastward transport from the MCsurf and
WPsurf, which is associated with the Walker circulation,
is highlighted by the dark to light blue colour gradient –
i.e., eastward pathways of steadily decreasing mass over
the Paciﬁc (e.g., MCsurf →MCQclear=0 → WPQclear=0 →
CPQclear=0 → EPQclear=0). This modelled transport appears
to be greater in February and November which agrees with
analysisofERA-Interimdata(notshown)andbymodelstud-
ies by Jin and Kirtman (2010) who ﬁnd that zonal winds in
the TTL region are stronger in the boreal winter months com-
pared to the summer.
4.3 Matrices at the cold point tropopause
As expected, no pronounced diagonal is found at the CPT
level, but in February and November relatively high con-
centrations of the MC and WP tracers are shown indi-
cating some regional fast and deep vertical transport (e.g.
MCsurf →MCCPT). This pathway is potentially important
for VSLS budgets as the Maritime Continent, with its shal-
low warm coastal waters and high bio-productivity, is a po-
tentially rich source of short-lived brominated species (e.g.,
Quack, 2004; Warwick et al., 2006; Pyle et al., 2011). As
was found at the Qclear =0 level, there is some seasonality
associated with the Walker circulation; with off-diagonal en-
hanced tracer mixing ratios downwind from the source re-
gions during February and November (compare LRM level
matrices and Figure 2). In contrast, convection is not as deep
in May and August as it is in February and November within
the 20◦ N–20◦ S tropical belt shown by relatively lower mass
mixing ratios at the CPT level.
5 Conclusions
The patterns of tropical fast transport pathways, as deduced
from the matrices in Fig. 4, highlight regions and seasons of
preferential entry of surface-emitted ozone depleting short-
lived species into the stratosphere. As shown by Hosking et
al. (2010) and Russo et al. (2011), we ﬁnd that the model
used here captures important aspects of convective transport
for the analysed neutral ENSO year, 2005.
In these model experiments, almost all tropical regions
contribute similar amounts of surface emitted tracers through
the base of the TTL at the level of the lapse rate minimum
(LRM). This is shown by pronounced diagonals in the matri-
ces in Fig. 4. Over most regions, above this level, the hori-
zontal component of tracer transport increases as fast vertical
transport becomes less efﬁcient. However, in regions of deep
convection tracers are still lifted rapidly up to the level of
net-zero radiative heating (Qclear =0) in all months analysed.
Tracersdoreachthetropopauselevelwithin21to30daysbut
only during February and November over the Maritime Con-
tinent and the West Paciﬁc. As the tropical tropopause region
is colder and drier between November and February (Mote
et al., 1996; Newell and Gould-Stewart, 1981; Robinson,
1980), scavenging of halogenated short-lived compounds by
ice and liquid water is likely reduced, allowing a higher
fraction of Bry to reach the stratosphere then (Sinnhuber
and Folkins, 2006). Vertical transport from the surface to
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the tropical tropopause over Africa and South America is
weaker in comparison. This differs from the ﬁndings of Liu
and Zipser (2005) who reported similar frequencies of con-
vective clouds over-reaching about 14km over Africa, the
Maritime Continent and South America, as diagnosed from
satellite measured ice reﬂectivity. From these data they ar-
gue that convective mass transport and the detrainment of
tropospheric air above 14km is comparable across these re-
gions. However, there are still two open questions that re-
quire further investigation. Firstly, the assumption that the
amount of ice particle formation is similar between the Mar-
itime Continent region and the regions of Africa and South
America even though the availability of water vapour and
consequently latent heat may be somewhat different. For ex-
ample, the regional tropopause over the Maritime Continent
is relatively colder and drier than in other regions (Newell
and Gould-Stewart, 1981; Hosking et al., 2010). Secondly,
their analysis does not provide insight into the mean height
of entrainment into the convective towers and so the amount
of surface material that will detrain from deep convection in
the TTL cannot be quantiﬁed. So in the model, the coher-
ent occurrence of convection in conjunction with the Walker
Circulation seems to be the key drivers of transport from the
surface to the TTL.
Our results highlight the importance of the Walker circu-
lation in redistributing MC injected VSLS horizontally in the
lower TTL and the possibility of direct regional injections
into the lower-most stratosphere (Fig. 2). In February and
November, greater upwelling near the West Paciﬁc enhances
the Walker Circulation and consequently increases down-
welling over the East Paciﬁc. During an El Ni˜ no (La Ni˜ na)
period the upwelling branch of the Walker Circulation would
change as convection shifts eastward (westward). Further
work is required to understand the full impact of the Walker
Circulation variability, its interaction with deep tropical con-
vection and transport of ozone depleting substances which
is fundamental for improving future stratospheric chemistry
and climate predictions.
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